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ABSTRACT: The stable carbon isotope ratio (δ13C) of low-volatile water-soluble organic 
carbon (LV-WSOC) was measured in filter samples of total suspended particulate matter, 
collected every 24 h in the winter of 2010 at an urban site and two rural sites in western Japan. 
Concentrations of the major chemical species in fine aerosol (<1.0 µm) were also measured 
in real time by aerosol mass spectrometers. The oxidation state of organic aerosol was 
evaluated using f44; i.e., the proportion of the signal at m/z 44 (CO2+ ions from the carboxyl 
group) to the sum of all m/z signals in the organic mass spectra. A strong correlation between 
LV-WSOC and m/z 44 concentrations was observed, which suggested that LV-WSOC was 
likely to be associated with carboxylic acids in fine aerosol. Plots of δ13C of LV-WSOC 
versus f44 showed random variation at the urban site and systematic trends at the rural sites. 
The systematic trends qualitatively agreed with a simple binary mixture model of secondary 
organic aerosol with background LV-WSOC with an f44 of ~0.06 and δ13C of -17‰ or higher. 
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Comparison with reference values suggested that the source of background LV-WSOC was 
likely to be primary emissions associated with C4 plants. 
 
 
INTRODUCTION 
 Organic aerosol (OA) is a major component of atmospheric aerosol.1 Secondary organic 
aerosol (SOA), which contains low-volatility oxidation products from the atmospheric 
oxidation of volatile organic compounds (VOCs), is of significant environmental concern. 
Our understanding of the oxidation state of OA has advanced through the use of aerosol mass 
spectrometers (AMSs). An AMS provides f44 and f43; i.e., the proportions of signal strengths 
at m/z 44 (carboxyl ions) and m/z 43 (carbonyl and alkyl ions) in the organic aerosol mass 
spectra relative to the sum of signal intensities at all m/z of the organic mass spectra, 
respectively.2,3 High values of f44 indicate highly polar and water-soluble OA, as 
demonstrated by the strong correlation between f44 for oxygenated OA and concentrations of 
water-soluble organic carbon (WSOC) in Tokyo.4 This correlation alone is still not sufficient 
to fully understand atmospheric SOA. 
 Analyses of the stable carbon isotope ratio (δ13C) are potentially useful for 
characterizing SOA as they indicate the degree of isotope fractionation of precursor VOCs,5 
which allows an estimation of the extent of the oxidation reaction processing.6 To date, δ13C 
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measurements have been performed on possible photochemical products, such as formic acid 
in rainwater7 and carboxylic acids in aerosols.8,9 The low δ13C values have led to their 
classification as secondary products. It has been reported that even primary organic 
compounds show a wide range of δ13C values, including values as low as those reported for 
secondary products.10 The features of SOA observed by laboratory studies include not only its 
highly depleted carbon isotopic composition in 13C, but also a systematic variation in δ13C as 
the precursor oxidation reactions progress.11,12 The identification of SOA is therefore more 
certain if a systematic δ13C variation of a possible product against an indicator throughout the 
duration of the oxidation reaction is observed. However, to the best of our knowledge, there is 
no report that such a systematic variation has been observed in the real atmosphere. 
 Our objective was to conduct δ13C measurements of possible photochemical 
products in the atmosphere, and then evaluate variations in δ13C as a function of an indicator 
of the progress of the oxidation reaction. We selected low-volatile WSOC (LV-WSOC) as a 
tracer of photochemical products and the f44 obtained by AMS as an indicator of the progress 
of the oxidation reaction. We conducted field studies in the winter of 2010 at rural and urban 
sites in western Japan, where the influence of transboundary air pollution from the Asian 
continent is significant during winter and spring.  
 
EXPERIMENT 
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 Field studies were conducted from 6 to 16 December, 2010, at three locations: the Cape Hedo 
Atmosphere and Aerosol Monitoring Station (26.9°N, 128.3°E) in Okinawa Prefecture, the 
Fukue atmospheric monitoring station (32.8°N, 128.7°E) in Nagasaki Prefecture, and 
Fukuoka University (33.6°N, 130.4°E) in Fukuoka Prefecture (Figure 1). Hedo and Fukue are 
rural sites, whereas Fukuoka is an urban site in a city with a population of ~1.4 million. At all 
three sites, air quality in winter and spring is often strongly influenced by outflow from the 
Asian continent.  
 
Figure 1. Map showing the locations of measurement sites. 
 
 At each site, a daily 24-h sample of total suspended particulate (TSP) was collected 
from noon to noon on an 8 × 10-in. quartz fiber filter (Tissuquartz, Pall Corp., NY, USA) 
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using high-volume air samplers (HV-1000: Sibata Corp., Japan). The samplers were placed 
on the rooftops of the monitoring stations at Hedo and Fukue (~3-m height) and the rooftop 
of a building at Fukuoka (~15-m height). Prior to collection, all filters were baked at 773 K 
for ~12 h to reduce the level of background organic carbon. The sampling flow rate was 1000 
L min–1, corresponding to a sample volume of 1440 m3 of air for each sample. We collected 
11 filter samples and a field blank filter at each site. 
 Each filter sample was cut into four pieces, and one of these segments was used for 
the LV-WSOC analysis in a procedure similar to the method of Kirillova et al.,13 but with a 
difference in the evaporation stage. WSOC was extracted in a wide-mouth glass jar by 
ultrasonic agitation for 5 min with 15 mL of reverse-osmosis/ion-exchanged water 
(RFP542HA: Advantec Inc., Japan). The extract was filtered using a disposable syringe 
(SS-05SZ: Terumo Corp., Japan) with a 0.45-µm PTFE syringe filter (PURADISC 25TF: 
Whatman Japan K.K., Japan). This step was repeated two more times with 10 mL of water, 
and the three extracts were combined. The volume of the extract was reduced to ~0.1 mL in a 
rotary evaporator (R-205 and B-490: Nihon Büchi K.K., Japan), and then further evaporated 
in a preweighed conical vial (Mini-vial: GL Sciences Inc., Japan) under a flow of 99.99995% 
pure nitrogen (Tomoe Shokai, Japan). The volume of the concentrated extract was determined 
by weighing the vial under the assumption that the extract had a density of 1 g mL–1. Then a 
0.05–0.1-mL aliquot of the concentrated extract was pipetted (Research Plus, Eppendorf AG, 
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Germany) into a 0.15-mL tin cup for elemental analysis (Ludi Swiss AG, Switzerland). The 
extract in the cup was dried under a flow of pure nitrogen. After dryness was confirmed 
visually, the sample was left under the nitrogen flow for a random interval ranging from 30 to 
120 min to prepare for LV-WSOC analysis. A drop of 0.01 M hydrochloric acid (Wako Pure 
Chemical Industries, Japan) was spiked into the tin cup to remove carbonate, and the extract 
was dried again. The dried samples prepared in this manner were analyzed by an elemental 
analyzer (Flash 2000: Thermo Scientific, MA, USA) coupled with an open-split interface 
(Conflo IV: Thermo Scientific, MA, USA), followed by an isotope ratio mass spectrometer 
(Delta V Advantage: Thermo Scientific, MA) for determining the carbon mass and δ13C value, 
which was defined as follows: 
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where (13C/12C)sample and (13C/12C)reference are the 13C/12C atomic ratios for the sample and the 
reference (the Vienna Pee Dee Belemnite), respectively, 
 Analytical tests were conducted with sucrose (IAEA-C6, IAEA, Austria) and oxalic 
acid (>98% purity, Wako Pure Chemical Industries, Japan) to evaluate recovery yields as well 
as the accuracy and precision of the isotope measurements. These substances are often the 
predominant species in WSOC from ambient aerosols.14,15 The reference value ± standard 
deviation for the sucrose was –10.8 ± 0.5‰ as recommended by the International Atomic 
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Energy Agency (IAEA), and for the oxalic acid it was –28.29 ± 0.2‰ (n = 6) as determined 
in our laboratory by analysis of the pure chemical.  
 During the study period, we used AMSs to measure the chemical composition of fine 
aerosol (approximately corresponding to PM1.0) at the three sites. Quadrupole AMSs 
(Aerodyne Research Inc., MA, USA) were used at Fukue and Fukuoka. The details of the 
instrumentation and the procedure for determining the concentration of chemical species 
from mass spectra are described elsewhere.16,17 The time resolution was 10 min with a scan 
range from m/z 1 to m/z 300. We used an aerosol chemical speciation monitor (ACSM: 
Aerodyne Research Inc., MA, USA) at Hedo for this analysis. Details of this instrument and 
its calibration are described elsewhere.18 The time resolution was 5 min with a scan range 
from m/z 1 to m/z 150. The difference resulting from the different scan ranges of the AMSs 
and the ACSM was small because the organic mass concentration was predominantly 
determined by the mass range less than m/z 100. All instruments had heater temperatures set 
to 873 K, and all instruments were calibrated with 300–350-nm dried ammonium nitrate 
particles at the beginning of the study period to determine the ionization efficiency (for the 
AMSs) or the response factor (for the ACSM) for nitrate. The ionization efficiencies 
determined for the AMSs were 9.6 × 10–7 and 5.5 × 10–7 counts molecule–1 at Fukue and 
Fukuoka, respectively, and the response factor for the ACSM was 6.8 × 10–11 A m3 µg–1 at 
Hedo. Finally, concentrations of sulfate measured by the AMSs and the ACSM were averaged 
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over 24-h, and those 24-h average concentrations were compared with daily average 
concentrations of non-sea-salt sulfate (= total sulfate concentration – 0.251 × [Na+]) obtained 
from an analysis of the TSP filter samples, to optimize the collection efficiencies of the AMSs 
and the ACSM. 
 Additionally, mixing ratios for the sum of NO and NO2 (NOx) and total odd nitrogen 
(NOy) were measured to retrieve another atmospheric oxidation indicator, photochemical age 
(t[OH]). Concentrations of NOx and NOy were determined using commercially available NOx 
analyzers (Model 42 i-TL: Thermo Scientific, MA, USA). The detailed operation of the 
analyzers is described elsewhere.19,20 The atmospheric detection limit for both measurements 
was about 60 pptv. These measurements were performed only at Fukue. 
 
RESULTS AND DISCUSSION 
Validation for LV-WSOC Analysis and AMS Measurement. Measurements of both the 
recovery test blanks (n = 5), which were handled in the same manner as the recovery test 
samples, and the field blanks (n = 3), which were handled in the same manner as the field 
samples, including sample transportation, were of the same magnitude as the random 
variations. In overall, the average ± standard deviation was 10 ± 5 µgC (range 4 to 18 µgC) 
for the carbon mass and –23 ± 4‰ (range –16‰ to –27‰) for δ13C. These average blank 
values were used for blank corrections. Note that the average blank size of 10 µgC was ~14% 
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of the smallest sample size. Taking the detection limit of the analysis as three times the 
standard deviation of the blank values, the detection limit for carbon mass was approximately 
4 µgC, i.e., 3% of the smallest sample size. All LV-WSOC concentrations and δ13C data for 
the ambient samples were corrected for the blank value. 
 Results of the standard spike tests (n = 5) showed that the average blank-corrected 
recovery yield ± standard deviation was 89 ± 11% (range 73% to 102%) for IAEA-C6 and 77 
± 3% (range 74% to 80%) for oxalic acid. No dependency of the recovery yields on 
evaporation time was observed. Our recovery yields for oxalic acid were better than those 
reported by Kirillova et al.,13 which was probably because the evaporation of solvent in our 
sample preparation was undertaken at atmospheric pressure. The differences between the 
reference δ13C values and the blank-corrected δ13C values were on average +0.4 ± 0.1‰ 
(range = 0.26‰ to 0.54‰) for IAEA-C6 and +0.4 ± 0.3‰ (range = 0.03‰ to 0.74‰) for 
oxalic acid. These differences were small, but statistically significant. Although our results 
may contain small biases of between 23% and 11% for recovery yields and +0.4‰ for δ13C 
values, the WSOC concentrations and their δ13C values reported here were not corrected for 
bias. 
 Although correlation plots are not shown here, we found that the 24-h average 
concentrations of sulfate determined by the AMSs and the ACSM were strongly correlated 
with the 24-h average concentrations of non-sea-salt sulfate (r2 > 0.87). Based on the slopes 
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of the regression lines, the collection efficiencies were determined to be 1, 0.74, and 1 for 
Hedo, Fukue, and Fukuoka, respectively. It should be noted that, for the AMS data collected 
at Fukuoka, the signal at m/z 29 that accounted for only ~7% of total OA was significantly 
influenced by the signal at m/z 28, due to N2 in the air. For this reason, the signal at m/z 29 
was excluded from the data analysis.  
 
Time Series Variation. The AMS measurements showed that sulfate, which is common in 
secondary air pollution from continental China, was the dominant species at the two rural 
sites, whereas organics were the dominant species at Fukuoka (Figure S-1 in the Supporting 
Information). These observations at the rural sites are consistent with results from previous 
studies.21,22 The time series of sulfate concentrations displayed the same pattern of variation 
at Fukue and Fukuoka, despite the locations being ~200 km apart, while a different pattern 
was observed at Hedo. The similarity between Fukue and Fukuoka implies that the same air 
masses influenced both sites, while the different pattern at Hedo suggests a different origin 
for the sulfate precursor, SO2. However, it should be noted that there were some periods (e.g., 
December 7), in which the variations at Fukue and Fukuoka did not correspond. The back 
trajectories of air masses modeled by HYSPLIT23 at the three sites showed similar 
trajectories passing through northeastern China, and sometimes through the Korean peninsula, 
that were indicative of the possible influence of transboundary pollution (Figure S-2). The 
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variations in the concentration of organics at Fukue and Fukuoka were different. This is likely 
to be due to irregular contributions of organics from local sources around the Fukuoka site. 
 Time series plots of LV-WSOC concentrations at Fukue and Fukuoka showed similar 
variations, whereas the variation at Hedo was clearly different (Figure S-3). This is consistent 
with the sulfate observations discussed previously. Although a scatter plot is not shown here, 
we found that the variation in the LV-WSOC concentration was strongly correlated between 
Fukue and Fukuoka (r2 >0.91), but not between Fukue and Hedo (r2 ~0.02). Furthermore, the 
concentration of LV-WSOC at Fukue was considerably higher than at Fukuoka, which is 
consistent with its proximity to the Asian continent as shown by the timing of 
high-concentration episodes, during which Fukue was affected several hours before Fukuoka. 
The observations suggest that the majority of LV-WSOC was likely to be of continental 
origin and that Fukue was more strongly influenced than Fukuoka by outflow from the 
continent.  
 Time series plot of hourly average NOx and NOy mixing ratios at Fukue are shown in 
Figure S-4. The NOx and NOy mixing ratios displayed a similar variation. The patterns of 
variation were similar to the variations in the concentrations of chemical species measured by 
AMS and the LV-WSOC concentrations determined by analysis of the filter samples. The 
similarity of these variations indicates that their origins are likely to be the same, 
transboundary pollutants. 
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Oxidation of OA measured by AMS. The m/z 44 concentration was strongly correlated with 
the OA concentration (r2 ≥ 0.86) at all sites (Figure S-5). The slopes of the linear regressions 
were significantly different: 0.23 ± 0.02 for Hedo, 0.142 ± 0.008 for Fukue, and 0.08 ± 0.01 
for Fukuoka. The high value for Hedo is probably due to the significant contribution of 
carboxylic acids, which are major components of the atmospheric aerosol at remote sites14,15 
and are suspected to be of secondary origin. The relatively low value for Fukuoka is probably 
due to the contribution of primary OA from local emission sources, and the intermediate 
value for Fukue is likely to be the result of a mixture of relatively fresh OA and SOA, which 
is consistent with the results of previous field studies conducted at Fukue.21, 24  
 We also conducted positive matrix factorization (PMF) analysis on our AMS data 
using a PMF evaluation tool.25 Several issues with PMF analysis should be noted: (1) PMF, 
like any factor analysis, reliably extracts only significantly contributing factors, and the 
analysis usually ends with some residuals unaccounted for by these factors; and (2) in factor 
analysis the choice of the number of factors is strongly dependent on the judgment of the 
analyst, therefore the user must carefully select the number of factors that best explains the 
reconstructed results.25 As a scale of the extent of OA oxidation, Ng et al.,2 reported that a 
plot of f44 versus f43 for oxygenated OA (OOA) factor yielded by PMF analysis fell between 
two dashed lines (y = –0.60204x + 0.4154 and y = –1.8438x + 0.3319), which converged at f44 
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= 0.295 and f43 = 0.020. The plots of 24-h average f44 versus 24-h average f43 for fine OA at 
Hedo, Fukue, and Fukuoka were clustered in the top, middle, and bottom of the triangle, 
respectively (Figure S-6). It was found that the PMF analyses with one or two factors gave 
loadings that were in reasonable agreement with the reference mass spectra of low-volatile 
OOA (LV-OOA) and hydrocarbon-like organic aerosol (HOA) found in the AMS spectral 
database.26 The loadings of LV-OOA and HOA yielded at each site are shown in Figures S-7, 
S-8, and S-9, and their mass fractions in the OA are summarized in Table S-1. Briefly, ~99% 
of OA at Hedo consisted of a single factor (LV-OOA), which is believed to be of SOA origin. 
The OA at Fukue consisted mainly of two factors (LV-OOA and HOA), which are recognized 
as secondary and primary OA, respectively. The OA at Fukuoka also consisted of LV-OOA 
and HOA, but the fraction of HOA was more significant than that at Fukue. The results of our 
PMF analysis for the Hedo and Fukue data are consistent with the results of 
principal-component analyses in previous studies.24  
 We further investigated the composition of deconvolved LV-OOA using an elemental 
analysis technique based on signal intensities at selected m/z for specific fragment ions.26 
This analysis gives the relative elemental composition of C, H, and O atoms, which in turn 
gives a ratio of organic mass to organic carbon mass (OM/OC). The OM/OC then allows us 
to predict the type of compounds contained within the LV-OOA. The analysis for Hedo 
indicated that the selected ions accounting for ~70% of the LV-OOA mass had a C:H:O ratio 
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of 1: 2.6: 1.9, which gave an OM/OC of 3.8 µg µgC-1. Similarly, the C:H:O ratios determined 
for the LV-OOA at Fukue and Fukuoka were 1: 2.6: 1.8 and 1: 2.6: 1.7, respectively, giving 
OM/OC values of ~ 3.6 µg µgC-1 and ~ 3.5 µg µgC-1, respectively. These C:H:O ratios were 
very similar and gave OM/OC values similar to fulvic and humic acids (known as humic-like 
substances or HULIS) analyzed in the laboratory.26 The LV-OOA present at the three 
sampling sites was likely composed of HULIS. The C:H:O ratios for the HOA at Fukue and 
Fukuoka were 1:2.1:0 and 1:1.9:0, which both gave an OM/OC of 1.2 µg µgC-1. Using the 
quantitative results for LV-OOA and HOA provided in Table S-1, the overall OM/OC ratios at 
Fukue and Fukuoka were estimated to be 2.8 µg µgC-1 and 2.5 µg µgC-1, respectively. 
 
Comparison of LV-WSOC and OA concentrations. A comparison of 24-h average 
LV-WSOC concentrations with 24-h average m/z 44 mass concentrations showed a clear 
positive relationship (Figure 2), indicating an association between the carboxylic acids in fine 
OA and the LV-WSOC in TSP. Linear regression demonstrated that the slopes at Hedo and 
Fukue were equivalent within the range of uncertainties, whereas the slope at Fukuoka was 
twice as large than the other two sites. This was possibly because at Fukue and Hedo, the 
LV-WSOC consisted of HULIS as indicated by the LV-OOA factor of the PMF analysis, 
whereas at Fukuoka, the LV-WSOC was composed of HULIS and/or semi-volatile carboxylic 
acids. Assuming that the proportional increases at Hedo and Fukue were predominantly due  
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Figure 2. Scatter plot of 24-h average m/z 44 concentration versus 24-h average LV-WSOC 
concentration. The equations shown in the figure are for the linear regressions presented in 
the figure.  
 
to the contribution of HULIS, the division of the slope in Figure 2 by the slope in Figure S-5 
gives a concentration ratio of fine OA to LV-WSOC (OA/LV-WSOC), which is comparable 
with the OM/OC ratios. The comparison produced OA/LV-WSOC ratios of 0.87 and 1.5 at 
Hedo and Fukue, respectively. These values are approximately a quarter and a half of the 
overall OM/OC ratios at Hedo and Fukue, respectively. This discrepancy likely indicates that 
a significant amount of LV-WSOC existed in the larger particle size than in the PM1.0 
analyzed by the AMSs. However, the strong correlations between the LV-WSOC and the m/z 
44 suggest a shift in the SOA size distribution, possibly due to coagulation. 
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δ13C, f44, and t[OH]. The high precision δ13C measurements captured unique features of 
LV-WSOC: plots of δ13C of LV-WSOC versus f44 clearly indicate an increasing systematic 
change as f44 increases at Hedo, a decreasing systematic change at Fukue, and random 
variation at Fukuoka (Figure 3). Linear regressions drawn by the least-square method were 
δ13C = (24‰ ± 5‰) × f44 -(29‰ ± 1‰) with r2 = 0.809 for the Hedo data; (-81‰ ± 34‰) × 
f44 -(12‰ ± 4‰) with r2 = 0.392 for the Fukue data; and (14‰ ± 40‰) × f44 -(24‰ ± 3‰) 
with r2 = 0.025 for the Fukuoka data. Note that the uncertainties shown are standard errors. 
These results indicate that δ13C and f44 are strongly correlated at Hedo with a significantly 
positive slope, less correlated with a significantly negative slope at Fukue, and there is almost 
no correlation with an insignificant slope at Fukuoka. The δ13C and the f44 values were further 
evaluated by comparison with another photooxidation indicator, t[OH]. 
 Assuming that the irreversible reaction of NO2 with the OH radical, which produces 
HNO3, is the major conversion pathway of NOx to NOy, t[OH] (a product of the average 
reaction time of NOx, t, × the average concentration of OH radical, [OH]) can be described as 
follows using its second-order rate law28,29: 
[ ] [ ][ ]y
x
NO
NOln1OH
2NOk
−=t    (1) 
where [NOx], [NOy], and kNO2 are the concentrations of NOx and NOy in molecules cm-3 at 
time t and the rate constant for the reaction of NOx with OH radical, respectively. 
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Figure 3. Scatter plot of the observed δ13C of LV-WSOC versus the observed 24-h average f44 
of OA (lower horizontal axis), and a modeled plot of δ13C for SOA only (solid curve) and for 
a binary mixture of SOA with background LV-WSOC (dashed curve) as a function of 
precursor reaction processing, x (upper horizontal axis). The straight lines are linear 
regressions for the observed data points at Fukue and Hedo. See the text for details of the 
model calculation and the linear regressions. 
 
We used a kNO2 value of 8.7 × 10-12 cm3 molecule-1 s-1 at 300 K and 1 atm30, (and references therein) 
to determine t[OH]. The estimated t[OH] ranged from 2.0 × 107 to 4.0 × 107 h-1  molecule-1 
cm-3. With 5 × 105 h-1 molecule-1 cm-3 as used by Takegawa et al.28, we estimated that the 
reaction time (t) would be 40 to 80 h, which was within the range of the transport times 
roughly estimated from the back trajectory analysis discussed earlier. A plot of f44 as a 
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function of t[OH] showed a slightly curving form (Figure 4), which was the typical shape of 
the f44 plot observed for SOA.31 Its linear approximation gave a slope of (2.1 ± 0.5) × 10-9 h-1 
molecule-1 cm3 (r2 = 0.635). This value in turn gives the average rate of increase of f44 as 1.1 
× 10-3 per hour, if the [OH] value referred to earlier is used. A plot of δ13C against t[OH] 
showed a weak correlation (r2 = 0.141), but with a consistently negative slope of -1.3 ± 1.0 ‰ 
h-1 molecule-1 cm3 with an intercept of -18.6 ± 2.8 ‰ (Figure 4). This decreasing trend was 
consistent with the trend observed at Fukue, as shown in Figure 3. The qualitative agreement 
between the δ13C profiles plotted against two different oxidation indicators suggested their 
validity. As discussed later for simple δ13C models, the δ13C values for the background 
LV-WSOC were also very similar. We then considered the following possibilities for the two 
different systematic variations: δ13C of LV-WSOC would systematically change when, (1) 
two primary LV-WSOCs that have a different combination of fixed δ13C and f44 values are 
mixed (i.e., two-endpoint mixing), (2) isotope fractionations occur during the condensation or 
evaporation of low-volatile compounds, (3) isotope fractionations occur during the oxidation 
reaction inside particles, or (4) isotope fractionations occur during the oxidation reaction of 
SOA precursor gases.  
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Figure 4. Scatter plot of δ13C of LV-WSOC (left axis) and the 24-h average f44 of OA (right 
axis) at Fukue as a function of photochemical age (t[OH]) estimated by the NOx/NOy ratio. 
The straight lines are linear regressions for the δ13C and the f44 plots. 
 
 Two-endpoint mixing changes the δ13C of an LV-WSOC mixture systematically as a 
fraction of one of the two members gradually increases. If the observations at Hedo were 
modeled as the mixture of a minor fraction of “type A” LV-WSOC with low f44 and low δ13C 
(e.g., f44 = 0.06 and δ13C = –30‰) and a major fraction of “type B” LV-WSOC with high f44 
and high δ13C (e.g., f44 = 0.3 and δ13C = -17‰), then δ13C of the LV-WSOC mixture 
increases with the fraction of type B. In contrast, to reproduce the observations at Fukue 
would require a mixture where a minor fraction of “type C” LV-WSOC with low f44 and high 
δ13C (e.g., f44 = 0.06 and δ13C = -17‰) mixes with a major fraction of “type D” LV-WSOC 
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with high f44 and low δ13C (e.g., f44 = 0.3 and δ13C = –30‰). δ13C of the mixture decreases as 
the fraction of type D LV-WSOC increases. Therefore, to explain the systematic variations 
using the two-endpoint mixing model, consistent contributions of the four types of 
LV-WSOC are needed. To our knowledge, combinations of f44 and δ13C for type A and B are 
possible if they originate from 13C depleted primary organics10 and SOA that has been 
completely converted from VOCs of C4 plant origin, respectively. Combinations of f44 
and δ13C for type C and D LV-WSOC are feasible as primary organics from C4 plant biomass 
burning10, 32, 33 and SOA from the photooxidation of anthropogenic VOC mixtures11,12. 
Considering the significant influence of transboundary anthropogenic pollutants, as indicated 
by the presence of sulfate, as well as the fact that biogenic VOCs rapidly react with both 
ozone and OH radical, it is not feasible that there was a more significant impact from the 
on-going production of SOA from biogenic VOCs at Hedo than at Fukue. 
 Evaporative or condensate carbon and hydrogen isotope fractionation of organic 
substances 34–46 also systematically changes δ13C of condensed organics. Depending on the 
substance, the direction of fractionation is toward heavy or light isotopes. However, 
regardless of the direction of fractionation the degree of fractionation reported is small. For 
example, Irei37 observed only +0.3‰ change in δ13C after evaporating ~11% of a 
laboratory-derived SOA carbon sample with a 6.3 L min–1 flow of dry air for 24 h at room 
temperature. Given that the WSOC we studied had “low-volatility,” it is unlikely that this 
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mechanism could account for the variations in δ13C that we observed. 
 Oxidation in the condensed phase, referred to as particle aging, may be an 
explanation for the changes in f44 and δ13C. It has been observed in laboratory studies of SOA 
that the f44 of SOA increases without the production of SOA, which is indicative of the 
production of carboxylic acids inside the particles.3 This oxidation process would have 
resulted in forward isotope fractionations. However, it has been reported that oxalic acids are 
photocatalytically oxidized in the condensed phase (i.e., oxidative loss) and the reaction 
causes forward carbon isotope fractionation.38 These reactions are counter-processing for 
carboxylic acids, and the reports suggest that carboxylic acids are not only oxidation products, 
but may also act as reactants. It should be noted that oxidation in the condensed phase is 
considerably slower than that in the gas-phase.39,40 Assuming that the two types of particle 
aging are the explanations for the opposite systematic δ13C changes observed, the former 
process must be occurring at Hedo and the latter must be occurring at Fukue. However, this is 
inconsistent with our expectation that the latter process would be more important at Hedo, 
where the transport time was longer. According to the back trajectories of air masses (Figure 
S-2), the transport time from the continent to Hedo was 6 to 80 h longer than to Fukue. This 
significant difference in transport time can also be seen in the concentrations of components. 
Nevertheless, no indication of oxidative loss was found in δ13C at Hedo, and therefore there 
was probably also no loss in the samples at Fukue. 
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 Isotopic fractionation occurring during the oxidation reaction of a precursor gas (i.e., 
a kinetic isotope effect (KIE) when SOA is formed is a plausible explanation for our 
observations. A stable carbon KIE for compounds containing 13C at natural abundance levels 
is defined as the ratio of the reaction rate constants for a reactant containing only 12C atoms 
(k12) and the same reactant containing 13C atoms (k13), and in this study it is expressed as ε = 
(k12/k13) – 1. Irei et al.11,12 reported that the difference in δ13C between precursor toluene and 
SOA formed by the photooxidation of toluene (the precursor δ13C minus the SOA δ13C) 
ranged from –3‰ to –6‰, varying systematically with the extent of the oxidation reaction. 
This isotope fractionation was caused by KIEs that occurred during the series of oxidation 
reactions leading to SOA formation. The resulting δ13C profile resembles the systematic δ13C 
variation observed at Hedo (Figure 3). This explanation is also consistent with the fact that 
the OA and the LV-WSOC concentrations increased with the m/z 44 concentrations at all sites 
(Figure S-4 and Figure 2). The consistent results obtained in this study suggest that f44 can be 
used as an indicator of the extent of the precursor reaction. However, its use would probably 
be limited to cases where there are reaction products with a unique f44 mix, such as a constant 
amount of organics each with significantly different f44 values (i.e., a binary mixture with 
different values of f44, such as a mixture of LV-OOA and HOA). There is another possible 
limitation in the use of f44 as an indicator of a reaction process, when the f44 becomes 
saturated by SOA predominantly composed of a single substance, which has a constant f44. 
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This saturation hypothesis seems to contradict the results of the PMF analysis discussed 
earlier where ~ 99% of the OA at Hedo was composed of LV-OOA. It is possible that the 
PMF analysis could not deconvolute the small contribution of the HOA factor or the 
systematic δ13C variation  
 We further compared the observed δ13C changes with modeled δ13C variations using 
a simple calculation for a binary mixture of SOA, which was subjected to irreversible isotope 
fractionation and a constant amount of background LV-WSOC, with a distinctive f44 and δ13C. 
The change in δ13C of SOA (δ13CSOA) can be modeled given the KIE for the reaction that 
forms SOA from a precursor, the initial δ13C of the precursor, and the extent of precursor 
reaction processing. We modeled a δ13CSOA profile (Figure 3) according to a calculation 
presented by Irei et al.,12 using values for the epsilon expression (ε) of the KIE of 6‰ and the 
initial δ13C for a precursor (0δ13Cp) of –23‰, which we adopted from the carbon KIE for the 
reaction of toluene with the OH radical41 and the initial δ13C of carbonaceous aerosols from 
the combustion of fossil fuels used in Asia,33,42 respectively. The 6‰ ε is within the range of 
typical KIEs (2‰ to 19‰) that occur during the atmospheric oxidation of the major airborne 
VOCs at ground level.6 We also modeled a δ13C profile for a binary mixture of SOA 
accumulating against a constant amount of background LV-WSOC (δ13Cbinary), in which the 
δ13C of the background LV-WSOC (δ13Cbkg) was -17‰. The calculation used to determine 
δ13Cbinary was based on the following mass balance: 
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( ) SOA13SOAbkg13SOAbinary13 CC1C δδδ ×+×−= ww ,   (2) 
where wSOA is the mass fraction of SOA in the binary mixture, which is a dependent variable 
of the extent of precursor reaction processing x. Note that the sum of the mass fractions of the 
background LV-WSOC and SOA must be unity. Equation (2) was then combined with the 
Rayleigh-type function used to determine the δ13CSOA as follows: 
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The dependent variable wSOA in (3) can be expressed as a function of SOA yield (YSOA), 
which is another variable proportional to the independent variable x.12 Assuming that the 
conditions of the laboratory studies are applicable to the atmosphere, wSOA can be expressed 
as: 
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SOA ,    (4) 
where a and b are arbitrary constants (µgC m-3) determining the carbon mass concentrations 
for background LV-WSOC and the SOA yielded in the binary mixture, respectively. Note that 
the right side of eq (4) must be less than or equal to unity. For the model calculation, we used 
0.05 µgC m-3 and 1 µgC m-3 for  a and b, respectively, and regarded 0.025b as a negligibly 
small value. By combining eqs (3) and (4), we yielded an equation with a variable x and five 
parameters (ε, δ13Cbkg, 0δ13Cp, a, and b ). Using the parameter values given earlier, δ13Cbinary 
was calculated (Figure 3). As a comparison, δ13Cbinary calculated using different parameter 
values are shown in Figure S-10.  
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 A qualitative comparison between the modeled and observed δ13C profiles revealed 
that the trend for increasing δ13C observed at Hedo was consistent with both the modeled 
δ13CSOA and δ13Cbinary profiles, which had undergone extensive oxidation reaction processing. 
This suggests that SOA was more likely to be the major component of LV-WSOC observed at 
Hedo, and the unknown precursor(s) contained in the air masses from continental China 
likely had a δ13Cbkg value between -17‰ and -13‰ (Figure S-10a), an ε value between 3‰ 
and 6‰ (Figure S-10c), and a 0δ13Cp value between –23‰ and -18‰ (Figure S-10d). The 
binary SOA mixture model also successfully reproduced the trend for a decreasing δ13C that 
was observed at Fukue. To be consistent, we applied the binary mixture model to the f44 
values (see the calculation presented in the Supporting Information), and found that it could 
also reproduce the f44 profile plotted against t[OH] (Figure S-11). The series of consistent 
results led us to conclude that the cumulative contribution of SOA to the background 
LV-WSOC became more significant in TSP and fine OA as the precursor reaction proceeded. 
Additionally the binary mixture model suggested that δ13Cbkg was -17‰ or higher and that 
the f44 of LV-WSOC was 0.06 or lower. A similar value of δ13C for background total carbon in 
particulate matter (the intercept of the fit) was observed at Mt. Tai, China.43 Marine 
atmospheric studies in the Indian and Pacific Oceans have also documented a significant 
effect of the emissions from 13C-enriched sources on particulate WSOC44,45 and on VOC.46 
These observations in the East-Asian region support the existence of the background 
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LV-WSOC. 
 The δ13Cbkg and the f44 for the background LV-WSOC supply are evidence of a 
primary emission source associated with the combustion of C4 plants, unless there is an 
unreported primary emission source within the range of these δ13C and f44 values. To 
reproduce the magnitude of the observed δ13C variation using the δ13Cbinary model, δ13Cbkg 
had to be higher than -17‰ and f44 had to be approximately 0.06. A combination of such high 
δ13Cbkg and low f44 values (less oxidation processing) is unique and these values suggest that 
the source of the background LV-WSOC is the primary organics in soil and street dust, 
combustion related to C4 plants, or water-insoluble organic carbon (WIOC) from marine 
aerosol. It has been reported that δ13C values of black carbon from C4 plant combustion and 
from soil and street dust range between –12‰ and –19‰.33,42 Given that high-temperature 
combustion causes only small isotope fractionations,46,47 the  δ13C values of black carbon 
are equivalent to the δ13C values of LV-WSOC from C4 plant combustion, soils, and street 
dust. δ13C values of –20‰ to –22‰ have also been reported in WIOC from marine 
aerosols.48 If a portion of this WIOC is dissolved or converted (oxidized) to WSOC without 
isotope fractionation, then WIOC can also be a possible source of background LV-WSOC.  
Most of these candidate sources can be rejected. Local soil and street dust consists of 
coarse particles (~10 µm) with short atmospheric lifetimes28 and their concentration strongly 
depends on meteorological conditions as well as traffic and other human activities. 
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Considering the large variation in observed hourly wind speeds (80th percentile hourly wind 
speeds at Fukue and Hedo were 4 m s–1), the constancy in the amounts of background 
LV-WSOC during the study period, and the typically very low levels of traffic near the rural 
sites, soil and street dust cannot be the source of the background LV-WSOC. If WIOC were 
the origin, the portion of it converted to LV-WSOC would need to be enriched in 13C (i.e., 
significantly large inverse isotope fractionations at the dissolution or oxidation of WIOC) to 
raise the δ13C of the background LV-WSOC above -17‰. However, such inverse carbon 
isotope fractionation has not been reported and seems implausible. In contrast, we found no 
evidence to rule out emissions from C4 plant sources. The f44 values as low as 0.06, an 
indication of primary emission, are consistent with the observed f44 of OA from biomass 
burning (0.16 or less).49 Our findings and other studies in East Asia43,50,51 are compatible with 
primary emissions related to biomass burning. Two species of LV-WSOC, each of which has 
significantly different δ13C and f44, were found mixed together. As demonstrated by Song et 
al.,52, it is difficult to separate two species if either of their δ13C or f44 values are similar. 
Long-term observations are needed to evaluate the relationship between f44 and oxidation 
reaction processing, SOA formation, as well as source identification and the variability of the 
background LV-WSOC in the East-Asian atmosphere. 
 
 
  29 
ACKNOWLEDGMENTS  
We thank Akio Togashi from the National Institute for Environmental Studies and the 
students from Tokyo University of Agriculture and Technology, Fukuoka University, and the 
University of the Ryukyus for their help in the collection of filter samples. We also 
acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT 
transport and dispersion model and/or READY website (http://www.ready.noaa.gov). This 
project was financially supported by the Environment Research and Technology 
Development Fund of the Ministry of Environment, Japan (B-1006 and A-1101), a 
Grant-in-Aid for Scientific Research on Innovative Areas (No. 4003) from the Ministry of 
Education, Culture, Sports, Science and Technology, Japan, and partially supported by the 
International Research Hub Project for Climate Change and Coral Reef/Island Dynamics of 
Univ. of the Ryukyus. 
 
Supporting Information Available 
This information is available free of charge via the Internet at http://pubs.acs.org/  
 
 
 
 
  30 
REFERENCES 
(1) Jimenez, J.L.; Canagaratna, M.R.; Donahue, N.M.; Prevot, A.S.H.; Zhang, Q.; Kroll, J.H.; 
DeCarlo, P.F.; Allan, J.D.; Coe, H.; Ng, N.L.; Aiken, A.C.; Docherty, K.D.; Ulbrich, I.M.; 
Grieshop, A.P.; Robinson, A.L.; Duplissy, J.; Smith, J. D.; Wilson, K.R.; Lanz, V.A.; Hueglin, 
C.; Sun, Y.L.; Laaksonen, A.; Raatikainen, T.; Rautiainen, J.; Vaattovaara, P.; Ehn, M.; 
Kulmala1, M.; Tomlinson, J.M.; Collins, D.R.; Cubison, M.J.; Dunlea, E.J.; Huffman, J.A.; 
Onasch, T.B.; Alfarra, M.R.; Williams, P.I.; Bower, K.; Kondo, Y.; Schneider, J.; Drewnick, 
F.; Borrmann, S.; Weimer, S.; Demerjian, K.; Salcedo, D.; Cottrell, L.; Griffin, R.; Takami, 
A.; Miyoshi, T.; Hatakeyama, S.; Shimono, A.; Sun, J.Y.; Zhang, Y.M.; Dzepina, K.; Kimmel, 
J.R.; Sueper, D.; Jayne, J.T.; Herndon, S.C.; Trimborn, A.M.; Williams, L.R.; Wood, E.C.; 
Kolb, C.E.; Baltensperger, U.; Worsnop, D.R., Evolution of organic aerosols in the 
atmosphere, Science 2009, 326, 1525-1529 
 
(2) Ng, N.L.; Canagaratna, M.R.; Zhang, Q.; Jimenez, J.L.; Tian, J.; Ulbrich, I.M.; Kroll, 
J.H.; Docherty, K.S.; Chhabra, P.S.; Bahreini, R.; Murphy, S.M.; Seinfeld, J.H.; Hildebrandt, 
L.; Donahue, N.M.; DeCarlo, P.F.; Lanz, V.A.; Prevot, A.S.H.; Dinar, E.; Rudich, Y.; Worsnop, 
D.R. Organic aerosol components observed in Northern Hemispheric datasets from Aerosol 
Mass Spectrometry. Atmos. Chem. Phys. 2010, 10, 4625-4641.  
 
  31 
(3) Ng, N.L.; Canagaratna, M.R.; Jimenez, J.L.; Chhabra, P.S.; Seinfeld, J.H.; Worsnop, D.R. 
Changes in organic aerosol composition with aging inferred from aerosol mass spectra. Atmos. 
Chem. Phys. 2011, 11, 6465-6474. 
 
(4) Kondo, Y.; Miyazaki, Y.; Takegawa, N.; Miyakawa, T.; Weber, R.J.; Jimenez, J.L.; Zhang, 
Q.; Worsnop, D.R. Oxygenated and water-soluble organic aerosols in Tokyo. J. Geophys. 
Res. : Atmos. 2007,112, doi 10.1029/2006JD007056. 
 
(5) Rudolph, J.; Lowe, D.C.; Martin, R.J.; Clarkson, T.S. A novel method for compound 
specific determination of 513C in volatile organic compounds at ppt levels in ambient air. 
Geophys. Res. Lett. 1997, 24, 6, 659-662.  
 
(6) Rudolph, J. Gas chromatography-isotope ratio mass spectrometry. In Volatile Organic 
Compounds in the Atmosphere; Koppmann, R., Ed. Blackwell Publishing: Oxford, U.K. 
2007; pp.388-466. 
 
(7) Sakugawa, H.; Kaplan, I.R. Stable carbon isotope measurements of atmospheric organic 
acids in Los Angeles, California. Geophys. Res. Lett. 1995, 22, 1509-1512. 
 
  32 
(8) Fisseha, R.; Sauer, M.; Jaggi, M.; Siegwolf, R.T.W.; Dommen, J.; Szidat, S.; Samburova, 
V.; Baltensperger, R. Determination of primary and secondary sources of organic acids and 
carbonaceous aerosols using stable carbon isotopes. Atmos. Environ. 2009, 43, 431-437. 
 
(9) Pavuluri, C.M.; Kawamura, K.; Swaminathan, T.; Tachibana, E. Stable carbon isotopic 
compositions of total carbon, dicarboxylic acids, and glyoxylic acid in the tropical Indian 
aerosols: Implications for sources and photochemical processing of organic aerosols. J. 
Geophys. Res.: Atmos. 2011, 116, doi: 10.1029/2011JD015617. 
 
(10) Yamada, K.; Hattori, R.; Ito, Y.; Shibata, H.; Yoshida, N. Carbon isotopic signatures of 
methanol and acetaldehyde emitted from biomass burning source. Geophys. Res. Lett. 2009, 
36, L18807, doi: 10.1029/2009GL038962. 
 
(11) Irei, S.; Huang, L.; Collin, F.; Zhang, W.; Hastie, D.; Rudolph, J. Flow reactor studies of 
the stable carbon isotope composition of secondary particulate organic matter generated by 
OH-radical induced reaction of toluene. Atmos. Environ. 2006, 40, 5858-5867. 
 
(12) Irei, S.; Rudolph, J.; Huang, L.; Auld, J.; Hastie, D. Stable carbon isotope ratio of 
secondary particulate organic matter formed by photooxidation of toluene in indoor smog 
  33 
chamber. Atmos. Environ. 2011, 45, 856-862. 
 
(13) Kirillova, E.N.; Sheesley, R.J.; Andersson, A.; Gustafsson, Ő. Natural abundance 13C and 
14C analysis of water-soluble organic carbon in atmospheric aerosols. Anal. Chem. 2010, 82, 
7973-7978. 
 
(14) Wang, G.; Kawamura, K.; Xie, M.; Hu, S.; Li, J.; Zhou, B.; Cao, J.; An, Z. Selected 
water-soluble organic compounds found in size-resolved aerosols collected from urban, 
mountain, and marine atmospheres over East Asia. Tellus 2011, 63B, 371-381 
 
(15) Fu, P.; Kawamura, K.; Usukura, K.; and Miura, K.; Dicarboxylic acids, ketocarboxylic 
acids and glyoxal in the marine aerosols collected during a round-the-world cruise. Mar. 
Chem. 2013, 148, 22-32. 
 
(16) Jayne, J.T.; Leard, D.C.; Zhang, X.; Davidovits, P.; Smith, K.A.; Kolb, C.E.; Worsnop, 
D.R. Development of an aerosol mass spectrometer for size and composition analysis of 
submicron particles. Aerosol Sci.Technol. 2000, 33, 49-70. 
 
  34 
(17) Allan, J.D.; Delia, A.E.; Coe, H.; Bower, K.N.; Alfarra, M.R.; Jimenez, J.L.; 
Middlebrook, A.M.; Drewnick, F.; Onasch, T.B.; Canagaratna, M.R.; Jayne, J.T.; Worsnop, 
D.R. A generalized method for the extraction of chemically resolved mass spectra from 
Aerodyne aerosol mass spectrometer data. J. Aerosol Sci. 2004, 35, 909-922. 
 
(18) Ng, N.L.; Herndon, S.C.; Trimborn, A.; Canagaratna, M.R.; Croteau, P.L.; Onasch, T.B.; 
Sueper, D.; Worsnop, D.R.; Zhang, Q.; Sun, Y.L.; Jayne, J.T. An aerosol chemical speciation 
monitor (ACSM) for routine monitoring of the composition and mass concentration of 
ambient aerosol. Aerosol Sci. Technol. 2011b, 45, 780-794. 
 
(19) Sadanaga, Y.; Fukumori, Y.; Kobashi, T.; Nagata, M.; Takenaka, N.; Bandow, H. 
Development of a selective light-emitting diode photolytic NO2 converter for continuously 
measuring NO2 in the atmosphere. Anal. Chem. 2010, 82, 9234-9239. 
 
(20) Yuba, A.; Sadanaga, Y.; Takami, A.; Hatakeyama, S.; Takenaka, N.; Bandow, H. 
Measurement system for particulate nitrate based on the scrubber difference NO-O3 
chemiluminescence method in remote areas. Anal. Chem. 2010, 82, 8916-8921. 
 
(21) Takami, A.; Miyoshi, T.; Shimono, A.; Hatakeyama, S. Chemical composition of fine 
  35 
aerosol measured by AMS at Fukue Island, Japan during APEX period. Atmos. Environ. 2005, 
39, 4913-4924. 
 
(22) Takami, A.; Miyoshi, T.; Shimono, A.; Kaneyasu, N.; Kato, S.; Kajii, Y.; Hatakeyama, S. 
Transport of anthropogenic aerosols from Asia and subsequent chemical transformation. J. 
Geophys. Res.: Atmos. 2007, 112, doi 10.1029/2006JD0081 
 
(23) Draxler, R.R.; Rolph, G.D. HYSPLIT (HYbrid Single-Particle Lagrangian Integrated 
Trajectory) Model access via NOAA ARL READY Website 
(http://www.arl.noaa.gov/HYSPLIT.php), 2013, NOAA Air Resources Laboratory, College 
Park, MD.  
 
(24) Zhang, Q.; Jimenez, J.L.; Canagaratna, M.R.; Allan, J.D.; Coe, H.; Ulbrich, I.; Alfarra, 
M.R.; Takami, A.; Middlebrook, M.; Sun, Y.L.; Dzepina, K.; Dunlea, E.; Docherty, K.; 
DeCarlo, P.F.; Salcedo, D.; Onasch, T.; Jayne, T.; Miyoshi, T.; Shimono, A.; Hatakeyama, S.; 
Takegawa, N.; Kondo, Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; Weimer, S.; Demerjian, 
K.; Williams, P.; Bower, K.; Bahreini, R.; Cottrell, L.; Griffin, R.J.; Rautiainen, J.; Sun, J.Y.; 
Zhang, Y.M.; Worsnop, D.R. Ubiquity and dominance of oxygenated species in organic 
aerosols in anthropogenically-influenced Northern Hemisphere midlatitude. Geophys. Res. 
  36 
Lett. 2007, 34, L13801, doi:10.1029/2007GL029979. 
 
 (25) Ulbrich, I.M.; Canagaratna, M.R.; Zhang, Q.; Worsnop, D.R.; Jimenez, J.L. 
Interpretation of organic components from Positive Matrix Factorization of aerosol mass 
spectrometric data. Atmos. Chem. Phys. 2009, 9, 2891-2918. 
 
(26) Ulbrich, I.M.; Lechner, M.; Jimenez, J.L. AMS Spectral Database. URL: 
http://cires.colorado.edu/jimenez-group/AMSsd/ 
 
(27) Zhang, Q.; Worsnop, D.R.; Canagaratna, M.R.; Jimenez, J.L. Hydrocarbon-like and 
oxygenated organic aerosols in Pittsburgh: insights into sources and processes of organic 
aerosols. Atmos. Chem. Phys. 2005, 5, 3289-3311. 
 
(28) Takegawa, N.; Kondo, Y.; Koike, M.; Chen, G.; Machida, T.; Watai, T.; Blake, D.R.; 
Streets, D.G.; Woo, J.-H.; Carmichael, G.R.; Kita, K.; Miyazaki, Y.; Shirai, T.; Liley, J.B.; 
Ogawa, T. Removal of NOx and NOy in Asian outflow plumes: Aircraft measurements over 
the western Pacific in January 2002. J. Geophys. Res. 2004, 109, D23S04, doi: 
10.1029/2004JD004866. 
 
  37 
(29) Kleinman, L.I.; Daum, P.H.; Lee, Y.-N.; Senum, G.I.; Springston, S.R.; Wnang, J.; 
Berkowitz, C.; Hubbe, J.; Zaveri, R.A.; Brechtel, F.J.; Jayne, J.; Onasch, T.B.; Worsnop, D. 
Aircraft observations of aerosol composition and ageing in New England and Mid-Atlantic 
States during the summer 2002 New England Air Quality Study field campaign. J. Geophys. 
Res. 2007, 112, D09310, doi: 10.1029/2006JD007786. 
 
(30) Finlayson-Pitts, B.J.; Pitts, Jr., J.N. Chemistry of the upper and lower atmosphere. 
Academic Press, San Diego, U.S.A., 2000. 
 
(31) Takegawa, N.; Miyakawa, T.; Kondo, Y.; Blake, D.R.; Kanaya, Y.; Koike, M.; Fukuda, 
M.; Komazaki, Y.; Miyazaki, Y.; Shimono, A.; Takeuchi, T. Evolution of submicron organic 
aerosol in polluted air exported from Tokyo. Geophys. Res. Lett. 2006, 33, 
doi:10.1029/2006GL025815. 
 
(32) Martinelli, L.A.; Camargo, P.B.; Lara, L.B.L.S.; Victoria, R.L.; Artaxo, P. Stable carbon 
and nitrogen isotopic composition of bulk aerosol particles in a C4 plant landscape of 
southeast Brazil. Atmos. Environ. 2002, 36, 2427-2432. 
 
  38 
(33) Kawashima, H.; Haneishi, Y., Effects of combustion emissions from the Eurasian 
continent in winter on seasonal δ13C of elemental carbon in aerosols in Japan. Atmos. Environ. 
2012, 46, 568-579. 
 
(34) Harrington, R.R.; Poulson, S.R.; Drever, J.I.; Colberg, P.J.S.; Kelly, E.F. Carbon isotope 
systematics of monoaromatic hydrocarbons: Vaporization and adsorption experiments. Org. 
Geochem. 1999, 30, 765-775. 
 
(35) Huang, L.; Sturchio, N.C.; Abrajano Jr., T.; Heraty, L.J.; Holt, B.D. Carbon and chlorine 
isotope fractionation of chlorinated aliphatic hydrocarbons by evaporation. Org. Geochem. 
1999, 30, 777-785.  
 
(36) Wang, Y.; Huang, Y. Hydrogen isotopic fractionation of petroleum hydrocarbons during 
vaporization: Implications for assessing artificial and natural remediation of petroleum 
contamination. Appl. Geochem. 2003, 18, 1641-1651. 
 
(37) Irei, S. Laboratory studies of stable carbon isotope ratio of secondary particulate organic 
matter in the gas-phase. Ph.D. dissertation, York University, Toronto, Canada, 2008. 
 
  39 
(38) Pavuluri, C.M.; Kawamura, K. Evidence for 13-carbon enrichment in oxalic acid via 
iron catalyzed photolysis in aqueous phase. Geophys. Res. Lett. 2012, 39, L03802, doi: 
10.1029/2011GL050398. 
 
(39) Fisseha, R.; Spahn, H.; Wegener, R.; Hohaus, T.; Brasse, G.; Wissel, H.; Tillmann, R.; 
Wahner, A.; Koppmann, R.; Kiendler-Scharr, A. Stable carbon isotope composition of 
secondary organic aerosol from b-pinene oxidation. J. Geophys. Res.: Atmos. 2009, 114, 
D02304, doi 10.1029/2008JD011326. 
 
(40) Ervens, B.; Turpin, B.J.; Weber, R.J. Secondary organic aerosol formation in could 
droplets and aqueous particles (aqSOA): a review of laboratory, field and model studies. 
Atmos. Chem. Phys., 2011, 11, 11069-11102. 
 
(41) Anderson, R.S.; Iannone, R.; Thompson, A.E.; Rudolph, J.; Huang, L. Carbon kinetic 
isotope effects in the gas-phase reactions of aromatic hydrocarbons with the OH radical at 
296 ± 4 K. Geophys. Res. Lett. 2004, 31, L15108/1-L15108/4, doi: 10.1029/2004GL020089. 
 
(42) Cao, J.; Chow, J.C.; Tao, J.; Lee, S.; Watson, J.G.; Ho, K.; Wang, G.; Zhu, C.; Han, Y. 
Stable carbon isotopes in aerosols from Chinese cities: influence of fossil fuels. Atmos. 
  40 
Environ. 2011, 45, 1359-1363. 
 
(43) Fu, P.Q.; Kawamura, K.; Chen, J.; Li, J.; Sun, Y.L.; Liu, Y.; Tachibana, S.; Aggarwal, 
S.G.; Okuzawa, K.; Tanimoto, H.; Kanaya, Y.; Wang, Z.F. Diurnal variations of organic 
molecular tracers and stable carbon isotopic composition in atmospheric aerosols over Mt. 
Tai in the North China Plain: an influence of biomass burning. Atmos. Chem. Phys. 2012, 12, 
8359-8375. 
 
(44) Kirillova, E.N.; Andersson, A.; Sheesley, R.J.; Kruså, M., Praveen; P.S., Budhavant; K., 
Safai, P.D.; Rao, P.S.P.; Gustafsson, Ö. 13C- and 14C-based study of sources and atmospheric 
processing of water-soluble organic carbon (WSOC) in South Asian aerosols. J. Geophys. 
Res.: Atmos. 2013, 118, doi 10.1029/jgrd.50130. 
 
(45) Kirillova, E.N.; Andersson, A.; Han, J.; Lee, M.; Gustafsson, Ö. Sources and light 
absorption of water-soluble organic carbon aerosols in the outflow from northern China. 
Atmos. Chem. Phys. 2014, 14, 1413-1422. 
 
(46) Saito, T.; Stein, O.; Tsunogai, U.; Kawamura, K.; Nakatsuka, T.; Gamo, T.; Yoshida, N. 
Stable carbon isotope ratios of ethane over the North Pacific: Atmospheric measurements and 
  41 
global chemical transport modeling. J. Geophys. Res.: Atmos. 2011, doi 
10.1029/2010JD014602. 
 
(47) Huang, L.; Brook, J.R.; Zhang, W.; Li, S.M.; Graham, L.; Ernst, D.; Chivulescu, A.; Lu, 
G. Stable isotope measurements of carbon fractions (OC/EC) in airborne particulate: a new 
dimension for source characterization and apportionment. Atmos. Environ. 2006, 40, 
2690-2705. 
 
(48) Sang, XF; Gensch, I.; Laumer, W.; Kammer, B.; Chan, CY; Engling, G.; Wahner, A.; 
Wissel, H.; Kiendler-Scharr, A. Stable carbon isotope ratio analysis of anhydrosugars in 
biomass burning aerosol particles from source samples. Environ. Sci. Technol. 2012, 46, 
3312-3318. 
 
(49) Miyazaki, Y.; Kawamura, K.; Jung, J.; Furutani, H.; Uematsu, M. Latitudinal distribution 
of organic nitrogen and organic carbon in marine aerosols over the western North Pacific. 
Atmos. Chem. Phys. 2011, 11, 3037-3049. 
 
(50) Schneider, J.; Weimer, S.; Drewnick, F.; Borrmann, S.; Helas, G.; Gwaze, P.; Schmid, O.; 
Andreae, M.O.; Kirchner, U. Mass spectrometric analysis and aerodynamic properties of 
  42 
various types of combustion-related aerosol particles. Int. J. Mass Spectrom. 2006, 258, 
37-49. 
 
(51) Cheng, Y.; Engling, G.; He, K.-B.; Duan, F.-K.; Ma, Y.-L.; Du, Z.-Y.; Liu, J.-M.; Zheng, 
M.; Weber, R.J. Biomass burning contribution to Beijing aerosol. Atmos. Chem. Phys. 2013, 
13, 7765-7781. 
 
(52) Song, J.; He, L.; Peng, P.; Zhao, J.; Ma, S. Chemical and isotopic composition of 
humic-like substances (HULIS) in ambient aerosols in Guangzhou, South China. Aerosol Sci. 
Technol. 2012, 46, 533-546. 
 
  43 
Supporting information to the article entitled 
 
Transboundary secondary organic aerosol in western Japan 
indicated by the δ13C of water-soluble organic carbon and the m/z 
44 signal in organic aerosol mass spectra 
 
Satoshi Irei,*,1 Akinori Takami,1 Masahiko Hayashi,2 Yasuhiro Sadanaga,3 Keiichiro Hara,2 
Naoki Kaneyasu,4 Kei Sato,1 Takemitsu Arakaki,5 Shiro Hatakeyama,6 Hiroshi Bandow,3 
Toshihide Hikida,7 and Akio Shimono7 
 
1National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305-8506, 
Japan 
2Department of Earth System Science, Faculty of Science, Fukuoka University, 8-19-1 
Nanakuma, Jonan-ku, Fukuoka 814-0180, Japan 
3Department of Applied Chemistry, Graduate School of Engineering, Osaka Prefecture 
University, 1-1 Gakuencho, Naka-ku, Sakai, Osaka 599-8531, Japan 
4National Institute of Advanced Industrial Science and Technology, 16-1 Onogawa, Tsukuba, 
Ibaraki 305-8569, Japan 
5Department of Chemistry, Biology and Marine Science, Faculty of Science, University of 
the Ryukyus, 1 Senbaru, Nishihara, Okinawa 903-0213, Japan 
6Agricultural Department, Tokyo University of Agriculture and Technology, 3-5-8 Saiwai-cho, 
Fuchu, Tokyo 183-8509, Japan 
7Shoreline Science Research Inc., 3-12-7 Owada-machi, Hachioji, Tokyo 192-0045, Japan 
 
*Corresponding author: Satoshi Irei, National Institute for Environmental Studies, 16-2 
Onogawa, Tsukuba, Ibaraki 305-8506, Japan (phone: +81-29-850-2314; fax: 
+81-29-850-2579; e-mail: satoshi.irei@gmail.com) 
 
9 Pages 
1 Table 
11 Figures 
 
  44 
 
Figure S-1. Time series plot of chemical species concentrations (left axis) and m/z 43 and 44 
concentrations (right axis) measured by ACSM and AMS at (a) Hedo, (b) Fukue, and (c) 
Fukuoka. 
(a) 
(b) 
(c) 
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Figure S-2. 48 hour back trajectories of 500 m AGL air masses arriving at (a) Hedo, (b) 
Fukue, and (c) Fukuoka during the study period (December 6th to 17th). The trajectories 
were drawn every 12 hour. 
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Figure S-3. Time series plot of concentration (left axis) and δ13C (right axis) of LV-WSOC 
observed at Hedo, Fukue, and Fukuoka. 
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Figure S-4. Time series plot of hourly average mixing ratio for NOx and NOy at Fukue. 
Fukue, (0.142 ± 0.008)x - (0.03 ± 0.02), r2 = 0.97
Hedo, (0.23 ± 0.02)x + (0.00 ± 0.01), r2 = 0.95
Fukuoka, (0.08 ± 0.01)x - (0.01 ± 0.06), r2 = 0.86
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Figure S-5. Scatter plot of 24-h average m/z 44 concentration versus 24-h average organic 
aerosol concentration.  
 
  47 
 
0.0
0.1
0.2
0.3
0 0.05 0.1 0.15 0.2
f 43
f 44
Hedo
Fukue
Fukuoka
Hedo LV-OOA
Fukue LV-OOA
Fukuoka LV-OOA
Fukue HOA
Fukuoka HOA
 
Figure S-6. Scatter plot of 24-h average f44 of OA versus 24-h average f43 of OA. Dashed 
lines are the limits of oxidation states reported by Ng et al2 (see the text for the detail of this 
discussion). f44 and f43 for LV-OOA and HOA factors yielded by PMF analysis are also shown. 
 
Figure S-7. Loading (m/z 10 to m/z 120) yielded from one factorial PMF analysis on organic 
mass spectra obtained at Hedo. The loading was identified as LV-OOA. 
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Figure S-8. Loading (m/z 10 to m/z 120) yielded from two factorial PMF analysis on organic 
mass spectra obtained at Fukue. The loadings were identified as (a) HOA and (b) LV-OOA. 
 
 
Figure S-9. Loading (m/z 10 to m/z 120) yielded from two factorial PMF analysis on organic 
mass spectra obtained at Fukuoka. The loadings were identified as (a) HOA and (b) LV-OOA. 
 
 
 
 
 
 
 
 
 
(a) 
(b) 
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Table S-1. Summary for the fractions of yielded factors by PMF analysis 
Site Type of 
OA 
Mass Fraction 
(%) 
Hedoa LV-OOA 99 
   
Fukueb HOA 32 
 LV-OOA 67 
   
Fukuokab HOA 44 
  LV-OOA 56 
aResults of one factorial analysis. bResults of two factorial analysis. 
 
 
 
 
 
Figure S-10. Plot of modeled δ13C for a binary mixture of SOA (δ13Cbinary) with background 
LV-WSOC using (a) different δ13Cbkg values, (b) different “a” values, (c) different ε values, 
and (d) different 0δ13Cp values. “Default parameters” used for δ13Cbkg, 0δ13Cp, a, and b values 
are, -18‰, -23‰, 0.05 µgC m-3, and 1 µgC m-3, respectively. See the text for calculation and 
explanations for the parameters.  
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Binary mixture model for f44 
 
 As two different types of OA (e.g., HOA and LV-OOA) are mixed, a fraction of 
signal at m/z 44 in OA mass spectra (f44) can be determined using the following mass 
balance: 
LVOOAHOA
LVOOA
LVOOA
HOA
HOA
mm
mfmff
+
⋅+⋅
=
4444
44  s-eq. 1 
where LVOOAf44, HOAf44, mLVOOA, and mHOA are the fraction of m/z 44 signal for the LV-OOA 
factor, the fraction of m/z 44 signal for the HOA factor, the mass concentration for the 
LV-OOA, and the mass concentration for the HOA, respectively. This equation can be further 
extended to the following equation by using a combination of the SOA carbon yield equation 
referred in the text (y = 0.3x, where x is the extent of precursor oxidation reaction), mass to 
carbon mass ratios for the LV-OOA, (OM/OC)LVOOA, and the HOA, (OM/OC)HOA discussed 
in the text, as well as a and b values used in eq. (4) in the text;  
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)(3.0)( 4444
44   s-eq. 2. 
Here, we used 0.05 µgC m-3, 1 µgC m-3, 0.06, 0.22, 1.2, and 3.7 for a value, b value, HOAf44, 
LVOOAf44, (OM/OC)HOA, and(OM/OC)LVOOA, respectively. Modeled plot for f44 of this binary 
mixture is shown in Figure S-11. 
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Figure S-11. Scatter plot for observed 24-h average f44 at Fukue as function of t[OH] (solid 
dark) and modeled plot for f44 of binary mixture using s-eq. 2. 
